I. INTRODUCTION
Molecular dimers and clusters are natural ingredients of the equilibrium gas phase for every hydrogen bond former.
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Their abundance grows steeply with lowering temperature, 2 until three-dimensional macroscopic condensation abruptly sets in. Dimers and small clusters are therefore easily detected for systems with hierarchical aggregation and thus delayed bulk condensation, such as carboxylic acids, 3 hydrogen fluoride, 4 and simple alcohols. 5 As subcritical condensation nuclei, they help to reach the critical size needed for spontaneous homogeneous condensation. 6 For water, the most important hydrogen bond former, these clusters have often been searched for but only recently, the first solid spectroscopic evidence for water dimers near room temperature has been reported. 7 The reasons why water clusters in thermal equilibrium are so elusive are manifold. Most prominently, water is a cooperative three-dimensional network former 8 and any small aggregate still offers a large number of dangling O-H bonds. These dangling bonds represent a major energy or enthalpy handicap relative to the condensed phase (in particular ice) which makes it easier to overcome the entropic penalty associated with bulk condensation in the corresponding chain reaction. 4 Furthermore, water is a light asymmetric rotor, such that the characteristically enhanced IR spectrum of hydrogen bonded water clusters -one of the best markers for molecular complexes 9, 10 -is strongly overlapped by monomer transitions at room temperature. 11 Third, water is very polar, such that far wing effects in the monomer line profiles due to long-range orbiting collisions are difficult to distinguish from weak signals due to bound or at least sufficiently metastable dimers. 12, 13 Here, we take a new approach to the characterization of water clusters, which may assist their infrared identification at thermal equilibrium. We start with seeded supersonic jet expansions, which are used routinely to generate adiabatically cooled water clusters, 9 to a thermalized system. By characterizing the spectral evolution, we can draw conclusions on the effect of temperature on the structure of clusters. In the present contribution, we focus on molecular assemblies beyond the dimer, where the effects are most clearly observed. Partial thermalization is achieved by a combination of three measures: Reduction of the stagnation pressure decreases the collisional cooling of any clusters formed in the supersonic expansion. Introduction of collisional zones 16, 17 by overlapping parallel supersonic expansions 18 leads to a re-heating of initially formed and evaporatively stabilized clusters, bringing them back to the verge of evaporation. Removal of the carrier gas (typically He) makes sure that the heat of aggregation cannot be transferred to other species, leaving the newly formed water clusters "boiling hot." 
II. EXPERIMENTAL
We employ a setup for direct absorption Fourier transform infrared (FTIR) spectroscopy of pulsed supersonic slit jet expansions which has been described elsewhere. 18 It can be equipped either with a single 120 × 0.5 mm 2 slit nozzle aligned parallel to the optical axis or with an arrangement of 20 parallel and equidistant 10 × 0.5 mm 2 slits oriented perpendicular to the infrared beam. The mutual influence of the adjacent expansions can be varied by using only every second slit for the expansions, thus increasing the inter-slit distance from 5 to 10 mm.
Helium as a carrier gas is guided through liquid water within a temperature-controlled saturator allowing for variation of the amount of water within the resulting gas mixture. To reduce the decrease in stagnation pressure during the pulsed expansions, the gas is collected within a 69 l reservoir connected to four magnetic valves controlling the gas pulses. Opening times of the valves are synchronized with the interferometer scans of a Bruker Vertex 70 V FTIR spectrometer. Buffer volumes of 12 m 3 ensure low background pressures during gas pulses despite a pumping speed limited to 2500 m 3 h −1 . The modulated infrared beam from the spectrometer is focused at the outlet of the slit nozzles, taking care FIG. 1. FTIR spectra of water aggregates and simulations of the monomer spectra. Left: Simulated spectra at different temperatures using pgopher. 19 Right: Experimental spectra. Detailed experimental parameters can be found in Table S1 of the supplementary material. 25 that no light is reflected by the nozzle body. Infrared spectra are recorded by an InSb detector at a spectral resolution of 0.5-2 cm −1 . Monomer spectra are semiquantitatively simulated using pgopher 19 to obtain a relative temperature estimate. Although the weaker symmetric O-H stretch is included in the simulation with appropriate infrared intensity 20 relative to the dominant antisymmetric stretch and rotational constants for the ground 21 and the excited states 22 include centrifugal distortion, there are a number of reasons why the agreement with experiment cannot be perfect. While approximate Herman-Wallis coefficients have been included, 23 the Coriolis coupling between the two states has not. 20 Furthermore, the resolution is strongly instrument-limited, with rather small pressure and Doppler broadenings expected despite the complex flow geometry. This could lead to intensity distortions for the strongest lines in the most concentrated expansions. Also, the implied assumption of nuclear spin conservation in the statistical weights may not apply to the clustering and collisional regime probed in the expansions. 24 In the lowfrequency branch, overlap from free OH groups in clusters interferes with the monomer spectra. Most importantly, the FTIR beam probes a very heterogeneous ensemble of jetcooled monomers in the expansion cores (which may be as cold as 20 K), evaporating monomers from hot clusters (which are particularly interesting in the present context), environmental water molecules from the background gas between the expansions (300 K) and all intermediate temperatures in the complex shock wave pattern. Furthermore, the IR beam probes a zone ranging from the nozzle throats to about 20 mm downstream. A single-temperature simulation of this complex situation only allows for a relative temperature comparison between different spectra. The error bars which are attached to these effective average temperatures only refer to the upper and lower limits of simulation temperatures which still yield acceptable matches of the experimental profile. For the reasons mentioned above, the focus is on the high-frequency part of the rovibrational spectrum. Different spectral resolutions from instrument-limited up to extreme broadening were applied to minimize the bias in the visual comparison. Fig. 1 shows the jet FTIR spectra of water clusters generated under different expansion conditions. Except for Fig. 1(c) water concentrations were chosen such that no significant hexamer contribution 26, 27 is visible, as its delocalized IR spectrum would complicate the analysis. 28 Smaller water clusters (dimer to pentamer) each have one dominant bound O-H stretching signal in their global minimum structure. 29 Cold expansions can be produced using the long single slit nozzle together with high pressures of the carrier gas helium ( Fig. 1(a) ). 15 The spectrum is dominated by three lines of ν 3 monomer transitions (2 02 ←1 01 , 1 01 ←0 00 , 0 00 ←1 01 ) 30 as well as relatively narrow cluster bands. Comparison with simulated water monomer spectra suggests a rotational temperature of the monomers of about 20 K.
III. RESULTS
In Fig. 1(b) the extent of cooling was decreased by lowering the stagnation pressure, thus lowering the number of collisions in the free expansions. Additionally the single slit nozzle was replaced by the multi nozzle arrangement, 18 using 10 parallel slit nozzles separated by 10 mm. In comparison to the infrared spectrum of the classical jet expansion in Fig. 1(a) , the larger number and spread of monomer rovibrational lines already shows that the rotational expansion temperature has increased significantly to about 50 ± 20 K (see Sec. II for the error bars). Further in this direction, for spectrum Fig. 1 (c) 20 nozzles (separated by only 5 mm) were used and the water concentration was drastically elevated by increasing its partial pressure and by decreasing the carrier gas pressure. While this increases the signal-tonoise ratio for the cluster bands, it also introduces some hexamers (as evidenced by the band near 3200 cm −1 ) 9 and potentially complicates the small cluster analysis. Nevertheless, this cluster-rich spectrum will turn out to be useful in the discussion. Its water monomer temperature may be estimated at 100 ± 20 K based on the simulation shown in the left part of Fig. 1 .
To further reduce the extent of jet cooling, the carrier gas was removed completely and all 20 multi nozzle slits (distance: 5 mm) were used. The infrared jet spectrum of such a pure water vapor expansion is shown in Fig. 1(e) . Using the simulation outlined in the experimental section (see Fig. 1 ), we were able to estimate a monomer rotational temperature of 160 ± 40 K. Because of the strong overlap of monomer lines with the small cluster spectral region, a second spectrum with a lower stagnation pressure of water vapor ( Fig. 1(d) ), void of significant cluster contributions, was subtracted after suitable scaling to produce a difference spectrum with an order of magnitude smaller monomer signals.
For a closer look at the effects of thermalization on the O-H stretching bands of water clusters, Fig. 2 provides an enlarged view on the spectral region of interest. The pentamer is seen to be present in small quantities but its spectral proximity to the tetramer precludes an unambiguous analysis of the thermal evolution, although a blue-shift is apparent upon heat- Fig. 2(a) ) to the soft expansion of neat water vapor (Fig. 2(e) ). This blue-shift neutralizes 10% of the hydrogenbond shift, if the symmetric water monomer band center at 3657 cm −1 is used as a reference. The reduced red shift is accompanied by a broadening, but no major change in band shape is observed. Both, the shift reduction and the broadening, are straightforward consequences from thermal excitation of modes such as O-O stretching and most importantly OHO libration, which change into free translation and rotation in the limit of cluster dissociation. [31] [32] [33] They weaken the hydrogen bond influence on the O-H bond force constant and also lead to an inhomogeneous broadening relative to the cold clusters.
Surprisingly, the corresponding effect on the trimer O-H stretching band 34 is much weaker, if present at all. This is remarkable if one considers the highly strained, less cooperative, and thus weaker hydrogen bonds 35 in water trimer. Such weak bonds should be more easily affected by thermal excitation of the intermonomer degrees of freedom than in the tetramer and thus lead to substantial blue-shifts relative to the low temperature band origin. The complete absence of such a blue-shift in the spectrum can only be explained if one accepts that the strained ring structure with three distorted hydrogen bonds is broken up into a chain structure with two less distorted hydrogen bonds upon thermal excitation, at least for a significant fraction of the trimers. Upon opening of the ring structure, the reduction of cooperativity leads to a weakening of the hydrogen bonds. This is compensated by two effects: The release of ring strain, which gives rise to more favorable bond geometries, and the IR activation of the most red-shifted in-phase O-H stretching mode, which has vanishing IR activity in the cyclic complex. 27, 36 The combined action of strain release and IR activation appears to compensate the regular thermal blue-shift in the trimer, whereas the tetramer is much less strained and more cooperative, which qualitatively explains its dominant blue-shift.
Due to the thermal excitation, it is not likely that large numbers of water dimers, bound only by 13.2 kJ mol −1 , 37 survive the warm expansion and collision zones. While they have been detected in thermal equilibrium near water vapor saturation, 7 we have a different situation in the vacuum chamber, at effective pressures far below 1 mbar. Some dimers may still survive long enough to be detected under such kinetically controlled circumstances. However, this is more likely for water trimers with a larger density of states and a binding energy towards evaporation of a single water of about 32 kJ mol −1 . 37 Therefore, the significant intensity in the water dimer spectral region 38 around 3600 cm −1 visible in the warm expansion (Fig. 2(e) ) is likely to have contributions from open chain trimers besides hot dimers.
To shed more light on this issue, it is rewarding to use absolute IR intensities of water clusters measured in He droplets 39 for an estimate of our cluster densities, assuming a ν 3 monomer band strength of 45 km mol −1 . 39 The validity of such an estimate is not critically affected by the He droplet environment present for the reference spectra but it could be limited by the temperature effect on the cluster band strengths. This effect must be large, because the hydrogen bond enhancement of the O-H stretching intensity spans an order of magnitude. 39 In particular ring opening should have major effects on the band strength. Therefore, the derived average cluster densities in the probed expansion volume are probably somewhat too low at higher temperature. In the 20 K jet spectrum, where dimers, trimers, and tetramers are spectrally separated, their concentration drops with size, from 2 × 10 12 /cm 3 to 7 × 10 11 /cm 3 (a couple of percent of the estimated monomer concentration), as expected for a small average cluster size in the expansion. This is also the case for the 50 K spectrum, where the cluster density has now more or less doubled due to the higher water concentration. At 100 K, there is a remarkable low density for the trimer. It is formally less abundant than the dimer by about a factor of two and of similar abundance as the tetramer. This 2:1:1 pattern as a function of cluster size is unusual for an expansion of cooperative hydrogen-bonded clusters. If the average cluster size shifts to larger values, this should lead to a stronger increase of trimer abundance than for the dimer. Comparing the cluster densities of the 50 and 100 K spectra (Figs. 2(b) and 2(c)), the very modest increase of trimer density with a simultaneous strong increase of the dimer and tetramer provides experimental evidence for a shift of some trimer intensity from the position in the cold spectrum into the dimer region, or at least for a structural change which substantially reduces the IR intensity in the original position. One would expect such effects for ring opening. For the 160 K spectrum (Fig. 2(e) ) with its much reduced average cluster size, the trimer still has only twice the abundance of the tetramer, whereas the formal dimer abundance is up to 8 times higher (but difficult to quantify due to monomer interference). This 8:2:1-kink is again consistent with substantial intensity transfer from the trimer to the dimer region. It means that the dimer spectral region cannot be interpreted reliably in these experiments although dimers will certainly be present. As a consequence, the following discussion has to concentrate on trimers and tetramers.
In summary, a first and purely experimental interpretation of the warm water cluster signals observed in the spectrum in Fig. 2(e) is that of vibrationally excited, but still cyclic tetramers and opened trimer rings with one more dangling O-H group. The O-H stretching vibrations of the terminal acceptor water should occur in a region somewhat different from that of decoupled free O-H groups in hydrogen-bonded water molecules (≈3730 cm −1 ) 40 but are too weak to be observed.
IV. DISCUSSION AND OUTLOOK
Before this preliminary spectral interpretation can be used to assist in the search for water clusters in near-saturated water vapor under environmental conditions, it should be corroborated by exploratory quantum-chemical calculations. Such calculations are simple for cold clusters in their ground state level, but less straightforward when hot bands and large amplitude isomerization are involved. 32 Open chain water clusters only appear to be locally stable for some lower level calculations, 41 possibly an artifact of the method. Therefore, they cannot serve as routine suppliers of representative chain structure spectra without additional constraints. Here, we try to model the effects of ring opening by applying such constraints (Fig. 3) . In one approach, we fix the distance between two of the oxygen atoms within water trimer and tetramer at a large value in a constrained optimization, thus enforcing chain-like geometries (Fig. 3, central box) . In a second approach, all atoms are kept within a plane, thus blocking barrier-less pathways towards cyclization (Fig. 3 , bottom box). In the former approach, the force field is evaluated at a non-stationary point but the high frequency modes should still have physically meaningful wavenumbers. In the second approach, the force field is evaluated at a higher order saddle point, leading to small imaginary wavenumbers for out-of-plane motions. Again, the high frequency modes should be representative of those in the real trimers for the same oxygen atom frame. Obviously, these technical tricks fall short of a full-dimensional anharmonic simulation of hot band transitions, but they serve the purpose of qualitatively explaining the thermal effects.
The spectral predictions for cyclic trimers and tetramers match experiment quite well, after scaling the wavenumbers such that the IR-active degenerate tetramer band is reproduced. The trimer position is predicted slightly too high in wavenumber for the fully optimized structure and somewhat too low for the planar structure. For the water tetramer, both methods predict that an opening of the ring structure leads to an intensity increase of the most red-shifted band (becoming the strongest vibrational band) as well as a splitting of the two formerly degenerate strong O-H stretching bands. At the same time, the loss of cooperativity leads to a general blue-shift. However, model calculations retaining the cyclic structure, optimized O-O distances, and S 4 symmetry but mimicking thermal excitation of librational modes 42 by stepwise deflection of the H atoms involved in hydrogen bonding in two orthogonal dimensions also show simultaneous blue-shift and band broadening. 25 It is therefore difficult to distinguish between thermally excited cyclic tetramers and chain-like tetramer structures in the vibrational spectra.
For water trimer, the most red-shifted O-H stretching band is also predicted to become the strongest band when going from cyclic to open structures. Both models predict that it overlaps with the dominant band of the (cold) ring structure. Further IR intensity at higher wavenumber may contribute to the signal in the dimer spectral region, which is quite persistent in the warm jet spectrum around 3600 cm −1 . The simulated spectra thus support the interpretation of ring opening in warm water trimers. 43 For the water tetramer, they cannot distinguish between the two possible origins of the observed blue-shift -ring widening or ring opening due to thermal excitation.
These spectral simulations are at best cartoons of the structural changes imparted on water clusters upon increasing their internal energy. There is a strong need for future reliable predictions of vibrational spectra for thermalized hydrogen bonded clusters, due to the weakness and strong anharmonicity influence of the hydrogen bond. Quantum simulations are challenging, 44 in particular with respect to vibrational spectra. 45 Possibly, even classical simulations on analytical 46, 47 or on the fly 48 potential energy hypersurfaces can provide a qualitative description, although anharmonic effects will be underestimated. 49 On the experimental side, a future challenge lies in the reliable temperature estimate for clusters close to the evaporative threshold. Raman spectroscopy 27 may contribute to this by providing access to the low frequency region and to anti-Stokes intensities. Experiments with shaped nozzles may help in further quantifying the thermal effects, 6 if sufficient number densities of subcritical clusters can be realized. The new multi nozzle setup could also be used to explore nuclear spin symmetry relaxation in water expansions by cluster formation, 24 to clarify whether it is assisted by proton exchange.
